Abstract The objective of the project is to establish a conceptual groundwater model over the lower Nam Kam Basin in order to apply a numerical technique for the prediction of the impact of saline water transport due to the proposed weir across the Nam Kam River. Hydrogeological investigations including mapping, drilling, piezometer installations and monitoring were systematically conducted during 1997 to 1998. Brackish groundwater is saturated under the area with a depth of 30-60 m. Groundwater regionally flows from the south (the Phu Phan Range) to the north and discharges to the Nam Kam River. Another direction is from the northern region to the southern region, discharging to the central region. A two-dimensional model was constructed along the principal gradient in the NW-SE direction. There are several local recharge and discharge areas across the Nam Kam floodplain. A local groundwater flow is active within the depth of 2 m to 30 m below the ground surface within the sand and gravel unit. Simulations were calibrated with hydraulic heads and salinity of groundwater in the piezometers. It is found that the recharge and evapotranspiration rates are 1% to 40% of the rainfall and 10% to 15% of a pan evaporation, respectively. The ranges of horizontal hydraulic conductivity to vertical hydraulic conductivity are 0.1 to 0.01. The possible longitudinal dispersivity values of the hydrostratigraphic units are 20 m to 500 m, but the transverse dispersivity is less than the longitude by one order of magnitude. The comparison of calculated heads and measured heads give a root mean square error of less than 1 m. The different salinity concentrations are still in a range of 2000 -5000 mg/l. Ten year simulation of saline water transport indicates that the reservoir ponding with water level at +140.5 m above mean sea level may divert groundwater flow and discharging to the northern boundary of the reservoir at Ban Don Kao.
Introduction
Surface water development projects such as weirs, reservoirs and irrigation canals are extensively constructed over the major river basins in northeast Thailand. The Nam Kam River, which is one of the major rivers in the southeast of the Sakon Nakhon Basin, flows from Nong Han Lake in Sakon Nakhon Province to the Mae Khong River at Amphoe That Phanom, Changwat Nakhon Phanom. Purposely storing water for agriculture, the Royal Irrigation Department has planned to construct a weir across the Nam Kam River at Ban Nonsang. Several environmental impact assessment works of the lower Nam Kam Basin were evaluated by GITEC (1984) , ASDECON Corporation Ltd (1993) and GMT Company Ltd (1997) . However, none of the projects determined salinity distribution due to the proposed weir construction. Due to the lack of subsurface information this is one of the controversial issues in the evaluation of saline water and saline soil distribution following the weir construction. The additional surface water level infiltrates through soils and aquifers, and then disperses as saline groundwater. It may eventually cause saline soils in existing paddy fields. Therefore, the National Environmental Board reconsidered that the detailed hydrogeological studies including geophysical investigations, drilling and hydrogeological mapping should be employed. Therefore, our study is aimed at evaluating the hydrologic system over the floodplain of the lower Nam Kam Basin, to characterize the subsurface hydrogeology and to simulate the groundwater flow and saline transport in natural and weir construction phenomena.
Methods
Geological mapping on a scale of 1:50,000 over an area of 625 km 2 was employed by Tansuwan and Boonkunpai (1997) and it was elaborated by the Groundwater Research Center (GWRC). During 1997 to 1998, technical staff of GWRC and the Department of Mineral Resources (DMR) conducted detailed hydrogeological works within the lower Nam Kam Basin (Department of Mineral Resources, 1997a) . According to the initial survey, 94 existing water wells were selected from 565 wells to analyze subsurface hydrogeology. Thirteen high resolution seismic lines conducted by the Department of Mineral Resources (1997b) were interpreted with eight additional exploratory holes (DM1, DM2, DM3, DM4, DM6, DM7, DM8 and DM9 : Figures 1 and 2) . Furthermore, five piezometer nests (PN1 to PN5) with a total depth of 423 m were installed along the line A¢¢Ð A ¢¢¢ with a diameter of 5 cm and slotted at the bottom (Figure 2 ). After drilling and well construction, pumping tests were conducted by the Department of Mineral Resources (1997a) within the DM wells in order to determine the hydraulic properties of the hydrostratigraphic units.
Water levels, total dissolved solids (TDS), electrical conductivity (EC) and the pH of groundwater in selected water wells and piezometers were monitored monthly for ten periods. Complete chemical analysis of the water samples were taken for two periods in October 1997 and March 1998. The hydrogeological map as shown in Figure 2 was constructed by integrating subsurface information with the additional data of soil salinity, land use and topographic terrain maps. Subsequently, a two-dimension groundwater flow and Figure 2 Hydrogeological map and cross section along line section A¢¢-A¢¢¢ in the lower Nam Kam Basin. MSL = mean sea level salt transport model was initially simulated. Visual MODFLOW V. 2.6 (Guigure and Franz, 1997) is the software which is used for simulating several scenarios in order to achieve the objectives of the study.
Results
Groundwater flow and salinity distribution were constructed based on field data presenting in terms of hydrogeological maps and cross-sections as shown in Figure 2 . Five main hydrostratigraphic units, namely, alluvial deposits (Qa), terrace deposits (Qt), siltstone and sandstone (Kms), siltstone and sandstone (Kkk), and sandstone and conglomeratic sandstone (Kpp) can be characterized based on lithology and hydraulic properties (Figure 2) . Moreover, the averaged water levels in the selected water wells were transformed to be hydraulic heads. Therefore, equipotential lines can be drawn over the area as well as the shallow groundwater flow directions (plan view, Figure 2 ). In addition, the recharge areas (downward flow) are located in the south (the Phu Phan Range) and northern region, whereas groundwater discharge areas (upward flow) are found in the central and eastern regions.
Flownet analysis along the hydrogeological section A¢¢Ð A ¢¢¢ (Figure 2 ) indicates that several local recharge and discharge areas are found across the floodplain. Shallow groundwater flow (relatively fresh, TDS < 1000 mg/l) is active within 2 m to 30 m below the ground surface within the sand and gravel aquifer. Furthermore, the brackish zone of groundwater (TDS of 1000Ð 10,000 mg/l) is found at 30 m to 60 m below the ground surface (Figure 2 ). The deep groundwater (> 60 m below the ground surface) flows to the northeast and parallel to the top bed of the rock salt and the salinity of the deep groundwater increases with depth varying from 1000 to 200,000 mg/l as shown in Figure 3c .
Groundwater simulations
Two dimensional groundwater flow model was initially simulated across the hydrogeological section A¢¢Ð A ¢¢¢. The model grids were designed based on the existing surface and subsurface information. The section A¢¢Ð A ¢¢¢ is assumed to be one of a principal hydraulic gradient across the Nam Kam River. The area x-direction (NWÐ SE) consists of 139 grids with a grid spacing of 100 m and 200 m, whereas, the vertical section (z-direction) is divided into 29 model layers with a thickness of 10 m; therefore the model comprises 4031 grid cells. Hydraulic conductivity values of hydrostratigraphic units are transformed into the model as shown in Figure 3a . Model boundaries were assigned based on the physical and hydraulic properties, the NW and SE boundaries are treated as no-flow boundary which is coincident with the groundwater division of a local hill and the Mae Khong River, respectively. The bottom boundary, which is the top boundary of rock salt, is also treated as a no-flow boundary (Figure 2b ), whereas the top boundary of the model is a moving boundary of water table.
Simulation scenarios
In order to test the possible boundary conditions and groundwater flow, a steady-state flow with assigned proper boundary conditions was first simulated. Transient state flow with the initial input data from the steady-state simulation was simulated over a ten-year period. The calibration of the heads was taken during the first ten months. Subsequently, transient state flow coupling with mass transport was simulated for a period of ten years.
The vertical hydraulic conductivity (K z ) of the hydrostratigraphic units, and the possible K z values are shown in Table 1 and Figure 3 . Additionally, recharge rates with 1% to 40% of rainfall were determined depending upon local recharge areas and soil types. Evapotranspiration rates were applied by trial and error within the discharge areas of about 15Ð 20% of the pan evaporation. The ranges of the input data tha t were simulated and provide reasonable results are shown in Tables 1and 2, and Figure 3c .
Longitudinal dispersivity (a L ) of the hydrostratigraphic units and the flow systems are approximately 0.2% to 30% of the migration distance of the flow systems and hydrostratigraphic units as shown in Table 2 . Several ranges of dispersivity values of the sand and silt (Qa1) and gravel bed (Qa2) were simulated. The possible ranges which indicate the calculated concentrations close to the observed one in the peizometers over a yearly period, therefore, longitudinal dispersivity ranges from 20Ð 1000 m and transverse dispersivity (a V ) is considered to be less than a L by about 10% (Spitz and Mareno, 1997) .
Comparison of calculated and measured heads within the piezometers at 153 days indicates a root mean square error (RMS) of 0.67 m (Figure 3b) . The results of measured and calculated TDS from the piezometer show the mean error of 1449 mg/l with the high error found in the higher TDS (>80,000 mg/l). However, the error of calculated TDS of groundwater varies from month to month within the ranges of 2000 to 5000 mg/l. After 153 days of simulation, it was found that the salinity of groundwater (TDS 500 Ð 10,000 mg/l) was spreading to a depth of 20Ð 30 m at Ban Don Kao (northern region of the flooding area) and discharging to the Nam Kam River. The prediction scenarios by applying the retaining surface water in the reservoir with the level of +140.5 m above mean sea level was simulated. Figure 4 indicates that water infiltrates through the aquifer and discharges to the northeastern region (Ban Don Kao). Slightly high salinity of groundwater disperses laterally and upwardly, but it does not yet reach the soil surface. However, long-term monitoring and long-term simulation may be needed to confirm the impact of the reservoir construction. However, the northern region of the flooding area should be closely monitored if the weir is to be constructed. At this moment, a three-dimensional model over the lower Nam Kam 
Basin is being simulated in order to determine the saline water distribution at the surface due to ponding by the weir construction.
Discussion
Calibration errors in term of groundwater salinity tend to increase with increasing salinity values. The error may be due to the field measurement by total dissolved solids equipment. However, the finer calibration should use the completed chemical analysis from the laboratory. However, the ranges of uncertain hydrogeological parameters such as recharge and evapotranspiration rates may provide reasonable numbers for the simulation of a threedimensional model. Due to the wide ranges of groundwater salinity within the study area, a variable density model should be simulated. The existing piezometers should be developed by air surging in order to prevent well logging and an error in measuring groundwater salinity in different levels. 
